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Abstract
Background: Channelling the development of haematopoietic progenitor cells into T lymphocytes is dependent upon
a series of extrinsic prompts whose temporal and spatial sequence is critical for a productive outcome. Simple
models of human progenitor cells development depend in the main on the use of xenogeneic systems which may
provide some limitations to development.
Methods and Findings: Here we provide evidence that a simple model system which utilises both human
keratinocyte and fibroblast cell lines arrayed on a synthetic tantalum coated matrix provides a permissive
environment for the development of human CD34⁺ haematopoietic cells into mature CD4⁺ or CD8⁺ T lymphocytes in
the presence of Interleukin 7 (IL-7), Interleukin 15 (IL-15) and the Fms-like tyrosine kinase 3 ligand (Flt-3L). This
system was used to compare the ability of CD34+ cells to produce mature thymocytes and showed that whilst these
cells derived from cord blood were able to productively differentiate into thymocytes the system was not permissive
for the development of CD34+ cells from adult peripheral blood.
Conclusions/Significance: Our study provides direct evidence for the capacity of human cord blood CD34+ cells to
differentiate along the T lineage in a simple human model system. Productive commitment of the CD34⁺ cells to
generate T cells was found to be dependent on a three-dimensional matrix which induced the up-regulation of the
Notch delta-like ligand 4 (Dll-4) by epithelial cells.
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Introduction
The generation of T cells from haematopoietic progenitor
cells requires the positioning of progenitors within the thymus
where a unique environment induces supports and directs their
differentiation [1]. Production of new thymocytes continues
throughout life and because the progenitors cannot be stored
and maintained indefinitely within the thymus, continuation of
production requires seeding of the thymus with these cells.
Analysis of thymic output reveal that the rate of production of
new T cells declines with age [2] and that as thymocyte
production decreases so there is atrophy of the thymus.
In broad terms thymic atrophy has been linked to deficits in
the progenitors seeding the thymus or to lesions in the
environment provided by the thymic stromal cells. Studies
utilising mouse systems have revealed that neither of these are
mutually exclusive with experiments on both aspects aided by
the use of surgical techniques, fetal thymic organ culture
(FTOC) systems or allogeneic cell lines such as mouse bone
marrow-derived OP9 cells expressing the Notch delta-like
ligand 1 (OP9-Dll1) [3–5]. But the experiments in human
systems have proved more intractable. Analysis of the capacity
of haematopoietic progenitor cell populations to produce T cells
have proceeded but has been hampered, mainly through the
use of xenogeneic model systems which by their very nature
are limited and associated with incomplete or inefficient
differentiation of the progenitors [5]. Some studies of thymic
stromal cells have indicated changes with age in the thymic
environment cell type composition and expression profile but
these data were limited by the lack of culture methods which
could effectively model the thymic architecture in vitro [6].
With this in mind we developed a synthetic biology approach
to the problem combining the use of freely available cell lines,
engineered materials and suitable biochemical factors to
induce human thymopoesis in vitro. Our aim was to induce
differentiation along the T cell lineage using a simple model
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system containing only cells of human origin. To reach this aim
we took inspiration from a recent study which showed how a
human thymic microenvironment could be engineered using
skin derived fibroblast and epithelial cells. Within this
environment bone marrow derived CD133⁺ haematopoietic
progenitor cells could be triggered to differentiate into T
lymphocytes [7]. Unfortunately this work had problems.
Derivation of cells from the skin lead to the possible
contamination of the T cells derived from the bone marrow
stem cells with those transported into the system through their
sequestration within the stromal cells from human biopsies so
that skin resident T lymphocytes amplification may have
occurred [8]. A second problem arose when others found these
results difficult to replicate [9].
To overcome these problems we constructed a three-
dimensional thymus by attaching human keratinocytes and
fibroblasts from cell lines to a tantalum coated matrix and then
we seeded these cultures with CD34+ cells derived either form
cord blood or from adult blood. Interestingly, differentiation of
these cells along the T cell lineage occurred only with cord
blood derived CD34+ cells. Moreover we analysed the
biological characteristics of the artificial construct and this
enabled us to hypothesize why providing a three-dimensional
cellular architecture is essential to recreate the unique
functions and characteristics of the thymic environment in vitro.
Materials and Methods
Ethics statement
Cord blood samples were collected from consenting mothers
following birth and adult blood by venepuncture from a 55
years old adult donor following ethical permission by The Royal
Marsden Local research Ethics Committee. The participants
provided written informed consent.
CD34+ cell separation
Mononuclear cells were separated from whole blood by
gradient centrifugation using Ficoll-Paque (GE Heatlhcare) and
subsequently depleted of CD2 and CD20 cells and enriched for
CD34 using Microbeads (Miltenyi) according to MACS method
Figure 1.  Expansion and differentiation of CD34+ cells. .  (A) Correlation between the initial number of CD34+ cells seeded and
the amount of mature cells generated at day 14th. The results are the average ± standard derivation of three different experiments.
(B) Progressive decline with time of CD34 expression among cord blood cellscultured in the matrix. The results are the average of
three different experiments ± standard derivation. The differences between the 3rd, 5th and 14th day and the seeded population are all
significant (*p< 0.001; **p< 0.001; ***p< 0.001).
doi: 10.1371/journal.pone.0069572.g001
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on a VarioMACS magnet [10]. The separated cells were
analyzed by flow cytometry and consisted of a unique highly
pure CD34+CD45lo population. Purity (considered as CD34
expression out of total CD45) was always > 90% in all
separations, and viability, evaluated by staining the cells with
250 ng/ml Propidium Iodide solution (Sigma Aldricht), always
>99%, No CD3 nor CD20 contaminating lymphocytes were
detected. These freshly separated and collected CD34+cells
were then used for the T cell differentiation studies.
Culture of keratinocytes and fibroblasts
The HaCaT cell line (CLS, DKFZ) [11] were cultured in
DMEM medium (Sigma-Aldrich) supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 2mM L-glutamine and
10% antibiotics (penicillin 100U/ml and streptomycin 100mg/ml)
at 37°C with 5% CO2. The cells were passaged when less than
80% confluence. Primary Fibroblasts were purchased from
Invitrogen, and cultured in Medium 106 (Invitrogen)
supplemented with 2% heat-inactivated fetal bovine serum
(FBS), hydrocortisone 1mg/ml, human-Epithelial Growth Factor
10ng/ml, human-basic Fibroblasts Growth Factor 3ng/ml,
heparin 10µg/ml and 1X gentamycin/amphotericin. The
fibroblasts were used at less than 15 passages. Three-
dimensional skin constructs were performed on 9-mm × 9-mm
× 1.5-mm tantalum coated carbon Cellfoam matrices
(Cytomatrix) incubated with 100 µg/ml rat tail collagen I (Sigma
Aldricht) and seeded with 1x105 HaCaT Keratinocytes and
5×104 primary fibroblasts, in culture medium consisting of a 1:1
mixture of the fibroblast and keratinocyte media described
above. After 5 hours at 37°C, 5% CO2, matrices were moved to
a new 24-well plate and 2 ml of a 1:1 mixture of the two media
described above was added. The skin cell constructs were
cultured for 6 days and medium was changed every other day.
On day 6, CD34⁺ cells, isolated from either umbilical cord or
adult peripheral blood, were added to each matrix, and the unit
cultured in DMEM supplemented with 10% heat-inactivated
FCS (Sigma-Aldrich), 20 ng/ml IL-7 (Miltenyi), 20 ng/ml IL-15
(Miltenyi), 100 ng/ml Flt-3L ligand (Miltenyi) and penicillin/
streptomycin (Sigma-Aldrich). One-half of the medium was
aspirated and replaced every 3 days, and the coculture
maintained for up to 3-4 weeks.
Figure 2.  Kinetics of thymocytes generation. .  (A) By day 5 CD4 dimintermediate single positive and some double positive
CD4+CD8+ cells were present. These progenitors all expressed CD45, either high or dim and analysis of cultures also showed the
presence of CD1a+CD7+ and CD1a+CD7 cells The images are representative of three different experiments.
doi: 10.1371/journal.pone.0069572.g002
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Flow Cytometry Analysis
Cell suspensions were analyzed using different combinations
of conjugated monoclonal antibodies (mAbs) and their
corresponding isotype controls after pre-incubation for 10
minutes at 4oC with 10 µl of FcR blocking reagent (Miltenyi). All
antibodies were obtained from BD Biosciences unless stated
otherwise, and were used according to the manufacturer’s
instructions. The following mAbs (clones) were used: CD1a
(HI149), CD3 (UCHT1), CD4 (RPA-T4), CD45 (HI-30), CD8
(SK-1), CD7 (6B7), CD38 (HIT-2), CD10 (HI-10), HLA-DR
(G46-6), CD11c (Biolegend 3.9), CD56 (Biolegend MEM-188),
CD135-APC (Biolegend BV 10A4H2), CD45/ CD34 cocktail
(Miltenyi MB4-6D6/AC136), CD20 (Miltenyi LT20), Analysis of
flow cytometry samples was performed on a C6 Accuri
instrument.
Reverse transcriptase-polymerase chain reaction
The RNA was isolated using Trizol (Invitrogen) and total
RNA (1 µg) in 20 µl was transcribed into cDNA using the high
capacity cDNA Reverse Transcription kit (Applied Biosystems).
The cDNA product was mixed with QIAGEN SYBR Green
Reagent and primers, and Real-time PCR performed using a
CFX96 Bio-Rad real time PCR system (Bio-Rad). For the
generation of standard curves, gene inserts were amplified
using Green GoTaq Flexi DNA Polymerase (Promega), and the
PCR product size controlled by 1.5% agarose gel
electrophoresis. DNA concentration was measured with a
spectrophotometer (Picodrop) and serial dilutions prepared
starting from 1011 copies/µl as calculated by using Avogadro’s
formula. All cDNA samples were normalized to ribosomal
protein subunit 29 (RPS-29) housekeeping gene signals [12].
Primers used were as follows (anneal temperature): Dll-1
Figure 3.  Generation of CD3+ thymocytes.  (A) CD7hiCD3hi and CD7 dim CD3⁻ cells were detected at day 7. (B) By day 12
approximately 90% of all the cells generated were CD3+ thymocytes. (C) A matrix seeded with approximately 300 CD34+ cord blood
derived progenitors generated about 2900 CD3+ cells after 14 days. At that time about 150 CD34+ progenitors were still present
whereas no other cell types were detected. The image A is representative of three different experiments while images B and C show
a single experiment.
doi: 10.1371/journal.pone.0069572.g003
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forward 5’ CTGATGACCTCGCAACAGAA3’ reverse 5’
ATGCTGCTCATCACATCCAG3’ (60°C), Dll-4 forward 5’-
ACTGCCCTTCAATATTCACCT-3’ reverse 5’
GCTGGTTTGCTCATCCAATAA3’ (60°C), IL-7 forward 5’
TGAAACTGCAGTCGCGGCGT3’ reverse 5’
AACATGGTCTGCGGGAGGCG3’ (57°C), RPS-29 forward 5’
GCTGTACTGGAGCCACCCGC3’ reverse 5’
TCCTTCGCGTACTGACGGAAACAC3’ (55-60°C).
Western immunoblotting
Cells were lysed on ice in a buffer containing 150 mM NaCl;
50 mM Tris, pH 7.5; 1% NP-40 (Fisher Bioreagents), and total
proteins re-solubilised in 1% TBS-Tween (Acros Organics)
supplemented with complete protease inhibitor mixture (Roche
Applied Science). Protein concentration was determined in all
cell extracts using a Micro BCA Protein Assay Kit (Thermo
Scientific). The samples (30 µg proteins) were electrophoresed
on a SDS-PAGE gel (Invitrogen) and electrotransferred to a
polyvinylidene difluoride membrane (Millipore) using an electro-
blotter (Bio-Rad). The membrane was then incubated with
primary antibodies overnight and protein bands detected with
infra-red labelled secondary antibodies on the Odyssey
Infrared Imaging System (LI-COR). Dll-4 protein was detected
with 1:500 rat polyclonal anti-human Dll-4 (Enzo Life) plus 1:
10000 goat anti-rat IgG IRDye 800 (LI-COR) and normalized to
β-actin using 1:10000 mouse IgG2a isotype anti-human-β-actin
(Sigma-Aldrich) plus 1:10000 goat anti-mouse IgG IRDye 680
(LI-COR).
TREC analysis
DNA was isolated from blood and newly generated CD3+
cells using Trizol reagent (Invitrogen) according to the
manufacturer’s instructions and DJ signal join–type T-cell
receptor excision circles (sj-TREC) were assayed. DNA (50 ng)
was used in each RPS-29, sj-TREC PCR reactions in order to
calculate TREC: T cell ratios as previously described [2].
Separated CD34+ cells were also analyzed in order to exclude
T cell contamination.
Statistics
All comparisons were assessed using Student t test. Results
were considered significant if the P value was less than 0.05.
Figure 4.  Most of generated cells are mature thymocytes by day12. .  The presence of double positive CD4+CD8+ and either
CD4+ or CD8+ single positive CD3+ thymocytes was evident by day 12 when only about 2% of total CD45+ cells still expressed
CD34. The images are representative of three different experiments.
doi: 10.1371/journal.pone.0069572.g004
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Results
De novo generation of cells in three-dimensional
matrices
Initial experiments with serial dilutions of cord blood CD34+
cells showed an exponential correlation between the initial
number of CD34⁺ cells seeded and the total amount of
CD45⁺CD34⁻ mature blood cells collected from the
supernatant of cell-coated matrices at day 14 (Figure 1A). Cells
were regularly shed into the supernatant and these were
collected whilst feeding the cultures at 2-3 day intervals and
analysed. The cells in the supernatant all expressed CD34
initially but this abruptly and progressively declined with culture
time (Figure 1B) whilst an increasing percentage of the
population started to express CD7, CD38 and CD1a. By 5 days
we were able to detect CD4 dimISP and also able to identify a
small number of DP CD4+CD8+ cells, all cells expressed CD45
and analysis of cultures also showed the presence of cells
which were CD1a+CD7+ or CD1a+CD7- cells (Figure 2). The
first few CD3+ cells appeared at 7 days as CD7hi cells (Figure
3A), and later CD3 expression further increased. In one
experiment matrices were seeded with approximately 300
CD34⁺ cells and analysis at day 12 revealed that more than
90% of the cells generated were CD3+ (Figure 3B). On day 14
we were able to collect about 2900 CD3+ cells (Figure 3C). At
12 days CD3+CD4⁺CD8⁺, CD4⁺CD3+ and CD8⁺CD3+ cells
were present, only few CD45+ cells still expressed CD34 and
most of the CD3+ cells were CD4+CD8- (Figure 4).
This phenotypic data revealed that within this model system
differentiation was ordered and progressed along the normal
developmental pathway as judged by the sequential
Figure 5.  Hacat keratinocytes and fibroblasts growth in the matrices.   (A) Growth curves of Hacat keratinocytes and/or
fibroblasts cultured in the matrices: The differences between the co-culture and the separated components are all statistically
significant (*p < 0.001; **p < 0.001) and the results shown are the average of three different experiments ± standard deviation. (B)
At the 14th day of culture the matrices seeded with Hacat keratinocytes and fibroblasts at a 2:1 ratio were predominantly constituted
by the former cell type. The cells were distinguished by CD10 expression and the results shown are the average of three different
experiments. (C) Images of cells attached either to the matrix borders (*) or inner niches (**). The tantalum skeleton of the matrix
appears in black. Light microscope image (100X).
doi: 10.1371/journal.pone.0069572.g005
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appearance of the expected intermediate stages in the
production of mature thymocytes [13–15].
CD34+ cells seeded onto monolayer cultures of fibroblasts
and keratinocytes seeded at the same ratio failed to
differentiate and died within 3 days. These cultures were
provided with the same cocktail of growth factors as the three
dimensional cultures which indicated significant changes in the
keratinocytes and fibroblasts induced by this conformational
change.
Analysis of the three-dimensional matrix
Examination of the attached cells collected from the matrices
after 1 or 2 weeks of culture revealed a greater increase in the
number of keratinocytes compared with the fibroblasts (Figure
Figure 6.  Dll-4 and IL-7 are up-regulated by three-dimensional cultured keratinocytes.  (A) Dll-4 gene expression is strongly
up-regulated in 3D cultured Hacat keratinocytes either alone or in the presence of fibroblasts. The differences between 3D and 2D
either Hacat (*p<0.01) or cocultures (**p<0.05) are significant. No differences were observed in the housekeeping gene expression
in all the conditions tested. The results shown are the average of three different experiments ± standard deviation. (B) IL-7 gene
expression is strongly up-regulated in 3D cultured Hacat keratinocytes either alone or in the presence of fibroblasts. The differences
between 3D and 2D either Hacat (*p<0.05) or co-cultures (**p<0.05) are significant. No differences were observed in the
housekeeping gene expression in all the conditions tested. The results shown are the average of three different experiments ±
standard deviation. (C) Time dependent up-regulation of the Dll-4 gene in three-dimensional Hacat keratinocytes/ fibroblasts co-
cultures. A strong induction is observed during the first week and this high expression is maintained for about 10 days. The results
shown are the average of three different experiments ± standard deviation and the differences between 2D and 3D within days 4-14
(* p < 0.01; ** p < 0.01; *** p <0.05; † p < 0.01; † † p < 0.01), are all statistically significant. (D) Dll-4 protein expression in 2D and
3D cultured Hacat keratinocytes. The western blot image shows different parts of one single gel. The average of Dll-4 level of
expression normalized to actin from three different experiments ± standard deviation differs between the 2D and 3D environment
and the difference is significant (p< 0.001).
doi: 10.1371/journal.pone.0069572.g006
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5A) and at 2 weeks the keratinocytes constituted 84 ± 4.5% of
total cells (Figure 5B). The cells attached to the scaffold were
visible by light microscopy (Figure 5C).
Investigation of gene expression by quantitative RT-PCR
comparing three dimensional cultures with cells from planar
surfaces revealed that the keratinocytes both alone and along
with fibroblasts up-regulated Dll-4 expression significantly
(p<0.05 n=3) when in the matrix (Figure 6A). In addition under
these conditions IL-7 was also found up-regulated (Figure 6B).
No change was observed in regard of delta-like ligand 1 (Dll-1)
as well as housekeeping RPS-29 genes expression. Time
course experiments showed that the highest Dll-4 gene
induction occurred within 4-14 days of culture (Figure 6C).
We undertook western blot experiments to determine
whether this increase in mRNA of Dll-4 translated into an
increase in protein expression in these cells. Our results
revealed Dll-4 protein up-regulation in keratinocytes three-
dimensional cultures. Dll-4 protein was detected as a 75 kDa
band and actin (40 kDa band) was used for normalization
(Figure 6D).
TREC analysis
To further confirm the in vitro commitment of the progenitors
used to the T cell lineage we analysed TREC levels in both an
aliquot of cord blood CD34+ cells seeded into the skin construct
and some CD3⁺ cells generated from these after 10 days of
co-culture. Our results from three independent experiments
revealed a band corresponding to the TREC amplicon
observed only from newly generated T cells and not from the
original population of seeding cells. Moreover we quantified
TREC levels from both CD3⁺ cells generated from the skin
systems and separated from cord blood and the concentration
resulted to be 1.51± 0.16 per new generated cell and 0.39±
0.09 per cord peripheral T cell (p < 0.001). These results are
shown in Figure 7.
Cord and peripheral CD34⁺ cells are dissimilar
Three different experiments were performed comparing the
same number of CD34⁺ cells separated from either adult
peripheral or cord blood and cultured in the three dimensional
Figure 7.  TREC analysis shows that thymocytes were generated de novo. .  (A) TREC was amplified from DNA from cells
generated in the matrices after 10 days of co-culture but not from DNA from cord blood separated precursors. RPS-29
housekeeping gene was amplified in both cases. TREC and RPS-29 were respectively identified as a band of 192 and 142 base
pairs. (B) TREC/CD3+ ratios from cord blood T cells and thymocytes generated in the matrices. The latter cells show higher level of
TREC expression per cell compared to T cells which were separated from cord blood. The results shown are the average of three
different experiments± standard deviation and the difference is significant (p < 0.001).
doi: 10.1371/journal.pone.0069572.g007
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matrix system. In all the conditions tested the adult CD34+ cells
died within the first 72 hours of culture whereas the cord blood
progenitors actively proliferated and generated thymocytes. All
the cultures were maintained for up to two weeks. Our
phenotypic analysis of the cells from either source showed
distinct differences. In adult blood 88 ± 4 % CD34⁺ cells were
CD38⁺ versus 63 ± 3 % in cord blood (p < 0.001). Furthermore
18 ± 0.7% of cord blood CD34⁺ cells were CD7⁺ whereas no
CD34⁺CD7⁺ cells were detected in adult blood. These results
are shown in figure 8.
Discussion
The work reported here shows that commitment and
development of cord blood stem/progenitor cells into cells with
the phenotype of mature thymocytes was achieved by placing
them within a three-dimensional tantalum coated matrix coated
with fibroblasts and keratinocytes in media containing IL-7,
IL-15, and Flt-3L. The human T cell developmental pathway in
the thymus has been defined phenotypically with stages
including CD34+CD7-CD1a- cells giving rise to pre-T cells which
are with CD34+/loCD7+CD1a+ which develop through an
immature single positive stage of CD7+CD1a+CD4+ to double
positive cells CD3+CD4+CD8+ to produce single positive cells
either CD3+CD4+CD8- or CD3+CD4-CD8+ [16].
Both phenotypic and genotypic analysis revealed that
differentiation was ordered and progressed along the normal
developmental pathway as judged by the sequential
appearance of the expected intermediate stages in the
production of mature thymocytes [15–19]. This system is
probably not as efficient as the fetal thymic organ culture
system where a single progenitor can be induced to develop
into CD4 or CD8 cells [20], but we were able to see
differentiation from a few hundred CD34+ cells and further
refinement may lead to better efficiency. However in the
absence of a three-dimensional cellular environment we were
unable to observe any T cells development from progenitor
cells. We therefore consider the critical factors in this work to
Figure 8.  Cord and peripheral CD34⁺ precursors are dissimilar. .  (A) Thymocytes were never found in the supernatant of
matrices seeded with CD34⁺ adult peripheral blood cells and checked up to 2 weeks of co-culture. (B) Cord blood cells gave rise to
CD7+thymocytes. The images are representative of three different experiments all performed in parallel and reports initial
differences in the CD34⁺ cells subsets composition.
doi: 10.1371/journal.pone.0069572.g008
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be the three-dimensional aspects of the culture, the coating
stromal cell equivalents and the source of the progenitor cells
used.
The requirement for three dimensional cultures systems for
inducing T cell development was first shown for murine
systems [21] and this was recently linked to the expression of
the notch ligands which were expressed highly by stromal cells
cultured in three dimensions but down-regulated when these
cells were cultured as a monolayer [22]. Two dimensional
planar cultures can permit the production of a few CD8⁺ T cells
from cord blood CD34+ precursors after 2 months of culture in
the OP9-Dll1 system [23], but our results would suggest that for
the efficient development of T cells there would appear to be a
central role for a three-dimensional environment in addition to
Dll-4 up-regulation.
Both the type and quantity of the Notch ligand plays a pivotal
role in inducing and directing the differentiation of progenitor
cells towards distinct lympho-haematopoietic lineages [24,25]
and this is especially true for Dll-4 [26,27] whose role in T cell
development is essential [28–30]. In our study up-regulation of
Dll-4 was not immediately seen after placing the keratinocytes
on the tantalum matrix but was delayed by some days,
suggesting that the three dimensional orientation was only one
of the factors involved. A secondary factor may be cell
confluence as up-regulation of Dll-4 increased during the
culture period to peak at 4 days which we believe was
associated with the cells becoming confluent within the matrix.
No major up-regulation of Dll-4 differentiation was apparent
when these cells were undergoing density dependant inhibition
in a planar position. Occasionally we have noted that the
keratinocytes in our matrix cultures either failed to show Dll-4
up-regulation or only showed limited increases. In the former
case CD34+ cells were unable to produce T cells and in the
latter case we noted that the frequency of T cells produced was
much lower than expected. From this we suggest that others
may have had the problem of failure in up-regulation of Dll-4
and as a consequence may have failed to generate T cells.
This could account for the difficulty expressed by others [9] in
trying to repeat the work of setting up thymus equivalent
cultures using skin derived cells [7].
One concern we had was the amplification of passenger T
cells in our system. We feel that we can confidently exclude
this. First we found no evidence of T cells either by phenotype
or genotype (TREC) analysis in the purified CD34+ population
used for seeding the matrix. Secondly our sjTREC analysis of
cells generated in matrix cultures revealed values of about 1.5
sjTREC per cell which can only be explained by the generation
of cells which had just rearranged their TCR but had not
undergone significant proliferation after rearrangement. This
value fits with calculations based on previous evidence that sj-
TREC was observed in about 70% of all newly generated αβ T
cells [31] and that only a maximum of two sjTRECs are present
in any newly generated αβ T cells [32]. Finally we observed the
sequential expression of surface markers typically present in
thymocytes but not mature T cells such as CD1a, CD38 and
CD4 CD8 co-expression, all of which are features of T cell de
novo generation [15–19]. This evidence is the basis of our
conviction that the CD34+ cells were generating cells of the T
lineage within the model system. Our inability to generate T
cells from adult CD34+ cells would suggest differences in the
population defined by this marker in adults compared with
those from cord blood though less differentiated CD133+ bone
marrow derived adult cells could still generate T cells [7].
Previous work has shown that cord blood progenitor cells
possess extremely high T cell fate potentiality [33] and a
progressive loss of this capability and myeloid skewing has
been described in precursors from older individuals [34–37]. In
our work we tested CD34+ non mobilized circulating peripheral
blood cells from a 55 years old individual. Failure of
haematopoietic progenitors from older individuals to proliferate
and differentiate in a specific supportive environment supports
limited previous observations that the proliferative potential of
human haematopoietic progenitors declines with age [38] and
that bone marrow from older humans is less efficient at
reconstituting recipients when compared to the reconstitution
capacity of bone marrow derived from younger patients [39].
Moreover cord blood progenitors possess a higher capability
to differentiate along the T-lineage pathway compared to their
adult counterparts [33]. This may be because the CD34+ cells
from cord blood contain CD7⁺ lympho-committed precursors
[40], which may be present in limited amounts in peripheral
blood.
Our results suggest that in older individuals the CD34+
population may contain only a very limited number of cells with
the ability to generate T cells which may be retained in the
bone marrow and only exceptionally be released into the
periphery. In agreement with this, studies done with adult
patients after cancer treatments or bone marrow transplant
have shown that T cell generation was derived from expansion
of mature peripheral T cells and not T cell de novo generation
[41].
Positive and negative selection of the cells generated in
these matrices was not a feature of these experiments partly
because of the problems with the need to haplotype all of the
donor samples and match with the cell lines. This is something
we hold in common with those using xenogeneic systems [4,5].
Our aim was to define the simplest model system in order to
define critical attributes of the system so that we could more
easily construct a thymus using autologous derived progenitors
and stromal cells.
This is the first identification that a permissive environment
could be synthesised from epithelial and fibroblast cell lines
anchored to a three-dimensional matrix in a media containing
growth factors. This study reveals that the critical elements of
the environment were the presence of sufficient quantities of
the Notch ligand Dll-4 and a three dimensional matrix. This
study links these two elements showing that positioning of an
epithelial cell line within the three dimensional matrix leads to
the significant up-regulation of Dll-4. In this system we show
that whilst differentiation of cord blood derived CD34+ cells was
efficient this was not the case with the CD34+ population from
adult blood where no clear T cell differentiation was apparent.
Acknowledgements
Wilfred Germeraad (Division of Haematology, Department of
Internal Medicine of the Maastricht University) kindly donated
Human T Lineage Development In Vitro
PLOS ONE | www.plosone.org 10 July 2013 | Volume 8 | Issue 7 | e69572
Cellfoam matrices (cytomatrix, USA). We also thank Emmanuel
Matas for his help in performing western blot experiments and
Wayne A. Mitchell and Maria Satue Sahún for technical
support.
Author Contributions
Conceived and designed the experiments: RA AL CB-L.
Performed the experiments: AL CK. Analyzed the data: AL RA.
Contributed reagents/materials/analysis tools: AL. Wrote the
manuscript: AL RA.
References
1. De la Hera A, Marston W, Aranda C, Toribio ML, Martinez C (1989)
Thymic stroma is required for the development of human T cell
lineages in vitro. Int Immunol 1(5): 471-478. doi:10.1093/intimm/
1.5.471. PubMed: 2489037.
2. Mitchell WA, Lang PO, Aspinall R (2010) Tracing thymic output in older
individuals. Clin Exp Immunol 161(3): 497-503. doi:10.1111/j.
1365-2249.2010.04209.x. PubMed: 20646007.
3. Law LW (1966) Restoration of thymic function in neonatally
thymectomized mice bearing xenogeneic thymic grafts. Nature 210:
1118. doi:10.1038/2101118a0. PubMed: 5336677.
4. Anderson G, Jenkinson EJ (2008) Bringing the thymus to the bench. J
Immunol 181(11): 7435-7436. PubMed: 19017928.
5. de Pooter R, Zúñiga-Pflücker JC (2007) T-cell potential and
development in vitro: the OP9-DL1 approach. Curr Opin Immunol 19:
163-168. doi:10.1016/j.coi.2007.02.011. PubMed: 17303399.
6. Chinn IK, Blackburn CC, Manley NR, Sempowski GD (2012) Changes
in primary lymphoid organs with aging. Semin Immunol 24: 309-320.
doi:10.1016/j.smim.2012.04.005. PubMed: 22559987.
7. Clark RA, Yamanaka K, Bai M, Dowgiert R, Kupper TS (2005) Human
skin cells support thymus-independent T cell development. J Clin Invest
115: 3239-3249. doi:10.1172/JCI24731. PubMed: 16224538.
8. Clark RA, Chong BF, Mirchandani N, Yamanaka K, Murphy GF,
Dowgiert RK, Kupper TS (2006) A novel method for the isolation of skin
resident T cells from normal and diseased human skin. J Invest
Dermatol 126: 1059-1070. doi:10.1038/sj.jid.5700199. PubMed:
16484986.
9. Meek B, Van Elssen CHMJ, Huijskens MJAJ, van der Stegen SJC,
Tonnaer S et al. (2011) T cells fail to develop in the human skin-cell
explants system; an inconvenient truth. BMC Immunol 12: 17. doi:
10.1186/1471-2172-12-17. PubMed: 21332988.
10. Miltenyi S, Müller W, Weichel W, Radbruch A (1990) High gradient
magnetic cell separation with MACS. Cytometry 11: 231-238. doi:
10.1002/cyto.990110203. PubMed: 1690625.
11. Boukamp P, Dzarlieva-Petrusevska RT, Breitkreuz D, Hornung J
(1988) Normal keratinization in a spontaneously immortalized
aneuploid human keratinocyte cell line. J Cell Biol 106: 761-771. doi:
10.1083/jcb.106.3.761. PubMed: 2450098.
12. de Jonge HJM, Fehrmann RSN, de Bont ESJM, Hofstra RMW,
Gerbens F et al. (2007) Evidence Based Selection of Housekeeping
Genes. PLOS ONE 2(9): 898. doi:10.1371/journal.pone.0000898.
13. Luc S, Luis TC, Boukarabila H, Macaulay IC, Buza-Vidas N et al.
(2012) The earliest thymic T cell progenitors sustain B cell and myeloid
lineage potential. Nat Immunol 13: 412-419. doi:10.1038/ni.2255.
PubMed: 22344248.
14. Cederig R (2012) Fates and potentials of thymus-seeding progenitors.
Nat Immunol 13: 309-310. doi:10.1038/ni.2265. PubMed: 22430774.
15. Schmitt C, Ktorza S, Sarun S, Verpilleux MP, Blanc C et al. (1995)
CD34-positive Early Stages of Human T-Cell Differentiation. Leuk
Lymphoma 17(1-2): 43-50. PubMed: 7539659.
16. Beaudette-Zlatanova BC, Knight KL, Zhang S, Stiff PJ, Zúñiga-Pflücker
JC et al. (2011) A human thymic epithelial cell culture system for the
promotion of lymphopoiesis from hematopoietic stem cells. Exp
Hematol 39: 570–579. doi:10.1016/j.exphem.2011.01.014. PubMed:
21296124.
17. Galy A, Verma S, Barcena A, Spits H (1993) Precursors of CD3+ CD4+
CD8+ cells in the human thymus are defined by expression of CD34.
Delineation of early events in human thymic development. J Exp Med
178(2): 391-401. doi:10.1084/jem.178.2.391. PubMed: 7688021.
18. Spits H, Blom B, Jaleco AC, Weijer K, Verschuren MCM et al. (1998)
Early stages in the development of human T, natural killer and thymic
dendritic cells. Immunol Rev 165: 75-86. doi:10.1111/j.1600-065X.
1998.tb01231.x. PubMed: 9850853.
19. Hao QL, George AA, Zhu J, Barsky L, Zielinska E et al. (2008) Human
intrathymic lineage commitment is marked by differential CD7
expression: identification of CD7- lympho-myeloid thymic progenitors.
Blood 111(3): 1318-1326. PubMed: 17959857.
20. Kingston R, Jenkinson EJ, Owen JJ (1985) A single stem cell can
recolonize an embryonic thymus, producing phenotypically distinct T-
cell populations. Nature 317: 811-813. doi:10.1038/317811a0. PubMed:
3877245.
21. Jenkinson EJ, Franchi LL, Kingston R, Owen JJ (1982) Effect of
deoxyguanosine on lymphopoiesis in the developing thymus rudiment
in vitro: application in the production of chimeric thymus rudiments. Eur
J Immunol 12: 583-587. doi:10.1002/eji.1830120710. PubMed:
6126365.
22. Mohtashami M, Zúñiga-Pflücker JC (2006) Three-dimensional
architecture of the thymus is required to maintain delta-like expression
necessary for inducing T cell development. J Immunol 176: 730-734.
PubMed: 16393955.
23. Awong G, Herer E, La Motte-Mohs R, Zúñiga-Pflücker JC (2011)
Human CD8 T cells generated in vitro from hematopoietic stem cells
are functionally mature. BMC Immunol 12: 22. doi:
10.1186/1471-2172-12-22. PubMed: 21429219.
24. Radtke F, Wilson A, MacDonald HR (2004) Notch signaling in T- and B-
cell development. Curr Opin Immunol 16: 174-179. doi:10.1016/j.coi.
2004.01.002. PubMed: 15023410.
25. Radtke F, Wilson A, Mancini SJ, MacDonald HR (2004) Notch
regulation of lymphocyte development and function. Nat Immunol 5:
247-253. doi:10.1038/nrg1336. PubMed: 14985712.
26. Besseyrias V, Fiorini E, Strobl LJ, Zimber-Strobl U, Dumortier A et al.
(2007) Hierarchy of Notch-Delta interactions promoting T cell lineage
commitment and maturation. J Exp Med 204: 331-343. doi:10.1084/
jem.20061442. PubMed: 17261636.
27. Mohtashami M, Dk Shah DK, Nakase H, Kianizad K, Petrie HT, Zúñiga-
Pflücker JC (2010) Direct Comparison of Dll1- and Dll4-Mediated Notch
Activation Levels Shows Differential Lymphomyeloid Lineage
Commitment Outcomes. J Immunol 185: 867-876. doi:10.4049/
jimmunol.1000782. PubMed: 20548034.
28. Koch U, Fiorini E, Benedito R, Besseyrias V, Schuster-Gossler K et al.
(2008) Delta-like 4 is the essential, non redundant ligand for Notch1
during thymic T cell lineage commitment. J Exp Med 205: 2515-2523.
doi:10.1084/jem.20080829. PubMed: 18824585.
29. Hozumi K, Mailhos C, Negishi N, Hirano K, Yahata T et al. (2008)
Delta-like 4 is indispensable in thymic environment specific for T cell
development. J Exp Med 205: 2507-2513. doi:10.1084/jem.20080134.
PubMed: 18824583.
30. Billiard F, Kirshner JR, Tait M, Danave S, Taheri W et al. (2011)
Ongoing Dll4-Notch signaling is required for T-cell homeostasis in the
adult thymus. Eur J Immunol 41(8): 2207-2216. doi:10.1002/eji.
201041343. PubMed: 21598246.
31. de Villartay JP, Hockett RD, Coran D, Korsmeyer SJ, Cohen DI (1988)
Deletion of the human T-cell receptor delta-gene by a site-specific
recombination. Nature 335(6186): 170-174. doi:10.1038/335170a0.
PubMed: 2842691.
32. Verschuren MC, Wolvers-Tettero IL, Breit TM, Noordzij J, van Wering
ER, van Dongen JJ (1997) Preferential rearrangements of the T cell
receptor-delta-deleting elements in human T cells. J Immunol 158(3):
1208-1216. PubMed: 9013961.
33. De Smedt M, Leclercq G, Vandekerckhove B, Kerre T, Taghon T, Plum
J (2011) T-lymphoid differentiation potential measured in vitro is higher
in CD34+CD38-/lo hematopoietic stem cells from umbilical cord blood
than from bone marrow and is an intrinsic property of the cells.
Haematol 96: 646-654. doi:10.3324/haematol.2010.036343.
34. Zediak VP, Maillard I, Bhandoola A (2007) Multiple prethymic defects
underlie age-related loss of T progenitor competence. Blood 110:
1161-1167. doi:10.1182/blood-2007-01-071605. PubMed: 17456721.
35. Beerman I, Maloney WJ, Weissmann IL, Rossi DJ (2010) Stem cells
and the aging hematopoietic system. Curr Opin Immunol 22(4):
500-506. doi:10.1016/j.coi.2010.06.007. PubMed: 20650622.
36. Rossi DJ, Bryder D, Zahn JM, Ahlenius H, Sonu R et al. (2005) Cell
intrinsic alterations underlie hematopoietic stem cell aging. Proc Natl
Acad Sci U S A 102: 9194-9199. doi:10.1073/pnas.0503280102.
PubMed: 15967997.
Human T Lineage Development In Vitro
PLOS ONE | www.plosone.org 11 July 2013 | Volume 8 | Issue 7 | e69572
37. Wang J, Geiger H, Rudolph KL (2011) Immunoaging induced by
hematopoietic stem cell aging. Curr Opin Immunol 23(4): 532-536. doi:
10.1016/j.coi.2011.05.004. PubMed: 21872769.
38. Vaziri H, Dragowska W, Allsopp RC, Thomas TE, Harley CB, Lansdorp
PM (1994) Evidence for a mitotic clock in human hematopoietic stem
cells: loss of telomeric DNA with age. Proc Natl Acad Sci U S A 91(21):
9857-9860. doi:10.1073/pnas.91.21.9857. PubMed: 7937905.
39. Kollman C, Howe CW, Anasetti C, Antin JH, Davies SM et al. (2001)
Donor characteristics as risk factors in recipients after transplantation of
bone marrow from unrelated donors: the effect of donor age. Blood
98(7): 2043-2051. doi:10.1182/blood.V98.7.2043. PubMed: 11567988.
40. Hao QL, Zhu J, Price MA, Payne KJ, Barsky LW, Crooks GM (2001)
Identification of a novel, human multilymphoid progenitor in cord blood.
Blood 97: 3683-3690. doi:10.1182/blood.V97.12.3683. PubMed:
11389003.
41. Mackall CL, Fleisher TA, Brown MR, Andrich MP, Chen CC et al.
(1995) Age, thyopoiesis and CD4+ T-lymphocyte regeneration after
intensive chemotherapy. N Engl J Med 332: 143-149. doi:10.1056/
NEJM199501193320303. PubMed: 7800006.
Human T Lineage Development In Vitro
PLOS ONE | www.plosone.org 12 July 2013 | Volume 8 | Issue 7 | e69572
